Relative to most other insect genomes, the western honey bee Apis mellifera has a deficit of detoxification genes spanning Phase I (functionalization), II (conjugation) and III (excretion) gene families. Although honeybees do not display across-the-board greater sensitivity to pesticides, this deficit may render them vulnerable to synergistic interactions among xenobiotics. Diet quality, in terms of protein and phytochemical content, has a pronounced influence on tolerance of toxic compounds. Detoxification gene inventory reduction may reflect an evolutionary history of consuming relatively chemically benign nectar and pollen, as other apoid pollinators display comparable levels of cytochrome P450 gene reduction. Enzymatic detoxification in the eusocial A. mellifera may be complemented by behaviors comprising a "social detoxification system," including forager discrimination, dilution by pollen mixing, and colony food processing via microbial fermentation, that reduces the number or quantity of ingested chemicals requiring detoxification.
by xenobiotics, although corresponding enzyme activities have not yet been characterized in many cases (Table 2) . CYP6AS14 is upregulated by the monoterpene thymol, used in-hive as an acaricide against varroa mites [16] . Acaricides coumaphos and fluvalinate upregulated CYP6AS3, CYP6AS4 and CYP9S1 in adult workers [17] ; these P450s are involved in xenobiotic detoxification, although the CYP6AS enzymes do not metabolize these acaricides when expressed heterologously [9] . Coumaphos exposure also led to a 3.4-fold increase in expression of CYP305D1, a CYP2-clan P450 of unknown function [17] . Phase I functionalization: carboxylesterases (CCE) Carboxylesterases have both endogenous and exogenous functions. That CCEs in A. mellifera participate in xenobiotic metabolism is suggested by induction of carboxylesterase activity by organophosphate, neonicotinoid, pyrethroid, phenylpyrazole, and spinosyn pesticides [18] . With only 24 members, the A. mellifera CCE inventory is reduced relative to other insect genomes [1] ( Table 1A ). Ten of 13 major CCE clades are represented; only 8, however, are in the class involved in xenobiotic detoxification. Toxicity of cyfluthrin and tau-fluvalinate is enhanced by CCE inhibitors, consistent with carboxylesterase-mediated cleavage of the ester bond [19] ; moreover, CYP9Q1-3 convert tau-fluvalinate to a metabolite suitable for CCE cleavage [15] , providing further evidence of CCE involvement in pesticide tolerance. Carboxylesterase gene GB10854 (esterase E4-like) activity in xenobiotic metabolism is suggested by its upregulation in workers exposed to p-coumaric acid [20] and coumaphos [17] . Phase II conjugation: Glutathione S-transferases Glutathione S-transferases contribute to Phase II detoxification of electrophilic xenobiotics via conjugation with glutathione (GSH), although they also participate in Phase I detoxification by binding and sequestering toxins (such as pyrethroids) directly [21] . Of the six major subclasses--sigma, omega, theta, zeta, delta and epsilon--delta and epsilon are largely restricted to insects and have been linked to xenobiotic detoxification. In these subclasses, the A. mellifera genome, with only ten ostensibly functional genes, is strikingly depauperate relative to other insects, but it contains comparable numbers of Sigma class GSTs. Inducibility by xenobiotics provides the only evidence of potential GST involvement in xenobiotic detoxification. The pyrethroid flumethrin induced GST activity in larvae, pupae and nurse bees but reduced activity in foragers [22] and workers consuming nectar and pollen of Ziziphus jujuba displayed elevated GST and P450 activities [23] . In the eastern honeybee Apis cerana cerana, the Sigma-class AccGSTS1 was upregulated by phoxim, cyhalothrin and "acaricide" [24] and the Omega-class GST gene GSTO2 was upregulated by cyhalothrin, phoxim, pyridaben and paraquat [25] . In both cases, upregulation may have been in response to oxidative damage caused by these pesticides. At the molecular level, coumaphos ingestion resulted in upregulation of GSTD, a Delta-class GST, which may, as in other insects, contribute to detoxification of this organophosphate [17] . Phase III transport: ABC/multidrug transporters Phase III transporters, primarily the ATP-binding cassette (ABC) proteins, hydrolyze ATP and move a diversity of hydrophobic or conjugated products across lipid membranes and out of cells for excretion. These proteins are not well known in insects; this gene family has been annotated in only seven arthropod genomes to date [7] . Of these, A. mellifera has the smallest inventory, with 41 (~40% of the inventory in the Tetranychus urticae genome). The ABCB-FT (full transporter) subfamily comprising P-glycoproteins, the ABCC subfamily comprising multidrug resistance-associated proteins, and the ABCG FTs comprising pleiotropic drug resistance proteins have all been implicated in insect xenobiotic metabolism. ABC transporter involvement in honeybee xenobiotic detoxification is suggested primarily by synergism studies utilizing inhibitors or by quantification of transcript levels. The toxicity of three neonicotinoids and two acaricides is synergized by the inhibitor verapamil, implicating multidrug resistance transporters in their detoxification. Prefeeding bees with oxytetracycline, an antibiotic frequently used in-hive to treat American foulbrood (Paenibacillus larvae), enhances toxicity of these acaricides, raising questions about beekeeping practices that entail simultaneous treatment for mites and bacterial diseases [26] .
Interactions between xenobiotics
Anecdotal perceptions that honeybees are peculiarly sensitive to pesticides, bolstered by the genomic detoxification deficit, were dismissed by Hardstone and Scott [27] , who compared published LD50 values for honeybees and other insects and documented the absence of acrossthe-board vulnerability. A more likely consequence of detoxification gene deficits may be increased susceptibility to interactions among toxicants, of particular significance in the context of recent documentation of massive contamination of hives by agricultural pesticides, averaging six pesticide detections per sample [28] . Indeed, workers reared as larvae in brood comb contaminated with multiple pesticide residues experienced reduced longevity relative to brood reared in less-contaminated comb [29] .
Sterol biosynthesis-inhibiting fungicides (which inhibit fungal P450s) synergize insecticides and acaricides, presumably by inhibiting P450-mediated detoxification [10, 30] (Table 3 ). In addition, tau-fluvalinate and coumaphos synergize other acaricides, possibly through competitive interactions at target sites or interference at P450 catalytic sites [30] ; molecular models of CYP9Q1-3 show that both coumaphos and fluvalinate dock into the same catalytic pocket [15] . Combinations of fungicides, insecticides, acaricides and herbicides have all demonstrated some degree of interactive effects in bees [10, 31] , though most of these interactions occur by undetermined mechanisms [30] .
Nutrition and detoxification
Nutritional stress may be exacerbated in the presence of pesticides; upregulation of detoxification genes by imidacloprid is accompanied by down-regulation of genes associated with glycolysis and development [32**], indicative of an energy cost of detoxification. Additionally, nutrient quality can influence xenobiotic toxicity. Dietary protein quality and quantity are particularly important; pesticide sensitivity of adult bees depends at least in part on the quality of pollen consumed in the first ten days after eclosion, with bees consuming highquality pollen displaying greater pesticide resistance than bees consuming inferior pollen or protein sources [33] , especially with other stressors present (e.g., low temperature [34] ). This mitigating effect of high-quality pollen explains in part seasonal differences in pesticide toxicity, with well-fed autumn bees less sensitive than early spring bees [33] . In a bioassay, workers consuming a pollen-based diet for 16 days displayed less sensitivity to chlorpyrifos relative to bees consuming sucrose alone [17**]. Pollen identity can also influence detoxification capacity, with different pollen diets associated with different levels of gut GST activity in bees with and without the gut parasite Nosema ceranae [34] .
Beyond its nutritional content, the natural diet of honeybees contains phytochemicals that influence xenobiotic detoxification. A diet containing honey, pollen, or propolis added to sucrose upregulates CYP6AS genes, which encode enzymes that metabolize quercetin and other flavonoids, whereas a diet of sucrose or high-fructose corn syrup does not [14] . Constituents of honey, pollen, and propolis also upregulate CYP9Q genes, several of which encode enzymes that metabolize quercetin and acaricides [20**]. The most active inducers were p-coumaric acid, which in honey likely derives from pollen grains, and pinocembrin, and pinobanksin 5-methyl ether, which likely derive from the propolis lining cells in which honey is stored. Fourteen xenobiotic-metabolizing P450 genes and a γ-glutamyltranspeptidase-1-like gene are upregulated by p-coumarate (Table 2) . Adding p-coumaric acid to a sucrose diet enhanced detoxification of coumaphos by 60%, demonstrating its functional role [20**]. Schmehl et al.
[17] also showed that a pollen diet upregulates many of the same detoxification-associated transcripts upregulated by coumaphos and fluvalinate, including CYP9S1, CYP9Q3, and GSTD1 ( Table 2 ). The evident importance of dietary phytochemicals in regulating detoxification raises questions about beekeeping practices involving replacing natural foods (honey, pollen) with artificial substitutes [35] . "Social detoxification system"? Genome-level deficits in detoxification and immunity relative to other insects may be an evolutionary consequence of A. mellifera eusociality. In terms of immunity, bees display cooperative behavioral defenses against parasites and pathogens, including "social fever" to kill temperature-sensitive bacteria, collection of antimicrobial plant resins for propolis, and removal of diseased brood, that collectively comprise a "social immunity" system [36, 37] , which may have reduced reliance on genome-encoded physiological immunity. Whether social behaviors contribute comparably to xenobiotic detoxification, leading to or compensating for reduced detoxification gene inventories, has not yet received attention. Behavioral mechanisms that may reduce toxin exposure include selective foraging with detection and avoidance of toxins in nectar and pollen, dilution of toxins by mixing nectars and pollens, processing of nectar into honey, and culturing fungi and other microbes to convert pollen into beebread. These behaviors may significantly reduce the number and concentration of toxins requiring enzymatic processing-a "Phase 0" of sorts in the traditional scheme of xenobiotic detoxification (Figure 1) .
The size and perennial nature of honeybee colonies necessitate nectar and pollen collection from a broad diversity of flower species; while bees encounter multitudinous environmental chemical signals, the extent to which they detect and utilize these signals prior to ingestion to avoid toxicity remains uncertain. Bees do collect pollen contaminated with pesticides [28], suggesting an inability to detect or avoid these chemicals, yet the phenomenon of "entombed pollen" (whereby bees seal cells containing pollen with high fungicide levels) suggests bees can recognize contaminants [38] . In terms of nectar, responses to nectar phytochemicals are idiosyncratic and dose-dependent, with bees avoiding certain substances but displaying paradoxical preferences for some neurotoxic compounds (e.g., caffeine [39] ). Even if bees cannot taste and reject toxins, post-ingestive malaise allows bees to learn to avoid food cues associated with toxins with adverse physiological effects (e.g., amygdalin in almond nectar) [40**] .
The diversity of floral resources utilized by A. mellifera also provides opportunities for mitigating nectar and pollen toxicity via mixing and dilution. This mechanism allows the generalist solitary bee Osmia cornuta, e.g., to utilize toxic pollen of Ranunculus acris, which becomes essentially nontoxic if consumed in a 50% admixture of pollens from other species [41*]. Whether collecting nectars from multiple floral sources similarly dilutes potential toxins has not yet been assessed.
The degree to which toxins are degraded by honey and beebread processing is also largely unexplored. Nectar phenolics decrease in concentration during honey "curing" at hive temperatures of 35 o C [42] and incorporation of glucose oxidase into incipient honey may also reduce toxicity by converting glucose to gluconic acid and lowering honey pH. Beyond symbiotic gut microbes [43, 44] , bees benefit from mutualistic fungi in the hive in that beebread 6 is the product of fungal fermentation of pollen [45] . Aspergillus species dominate the fungal community during beebread "ripening" [46] . Many Aspergillus species are opportunistic plant pathogens that produce enzymes that degrade phytochemicals (e.g., Zhou et al [47] . In addition, glucose oxidase produced by Aspergillus has been linked to lignin degradation [48] and may thus be involved in phenolic detoxification. That associations with Aspergillus may be mutualistic is suggested by honeybee detoxification, rather than bioactivation (i.e., increase in toxicity after P450-mediated metabolism), of aflatoxins produced by these fungi [12] . Aflatoxin tolerance increases when bees consume honey rather than high-fructose corn syrup are also suggestive of adaptation to this mycotoxin [14] . As well, propolis, the resinous material used to line cells containing beebread, induces xenobiotic-metabolizing P450s and enhances survival in the presence of aflatoxin B1 [12] , also suggestive of adaptation to cohabitation.
During beebread processing, bees may thus exploit the broad-spectrum detoxificative capacity of fungi, much like symbiotic yeasts associated with Lasioderma serricorne contribute to phytochemical detoxification [44] . Genomes of insect hosts often lose genes associated with biosynthesis of amino acids provided by their endosymbionts; an association with a symbiont contributing detoxification enzymes may similarly lead to losses in detoxification gene inventories in host genomes. The genome of Atta echiniator, a leaf-cutter ant with symbiotic fungi, e.g., possesses fewer P450 genes than genomes of ants lacking such symbionts [49, 50] . P450 gene deficits in A. mellifera may similarly reflect dependence on behaviorally mediated detoxification processes, including mutualisms [51] . If such is the case, the widespread contamination of beehives by fungicides may have profound implications for bee health beyond direct fungicide toxicity [52**].
Implications for honey bee management
How honeybee behaviors influence or complement enzymatic processing of environmental toxins is of considerable importance in insuring the sustainability of apiculture and, consequently, the overall agricultural enterprise in the U.S.. The possibility that enzymatic detoxification in this eusocial species may be particularly vulnerable to synergistic interactions and may be complemented by behaviors, including forager avoidance of toxins that reduces intake and/or colony food processing activities that reduce toxicity, has profound implications for estimating risks of exposure and limits of tolerance for honeybees in U.S. agricultural landscapes, the vast majority of which are managed with the use of a diversity of pesticides. * These authors were first to construct a transcriptome for a eusocial hymenopteran other than Apis mellifera and in doing so shed light on the selective forces that led to a deficit of detoxification genes in A. mellifera. To insure a comprehensive transcriptome, mRNA was extracted from multiple life stages and all castes and the corresponding cDNA was subjected to pyrosequencing. Over 580 genes associated with detoxification and stress responses were identified and genome inventories compared among other insects. Similarities in numbers of P450s, CCEs, and GSTs with A. mellifera and with the solitary bee Megachile rotundata indicate that detoxification deficits are more closely associated with nectar and pollen feeding than they are with eusociality per se. e54092. **These authors performed a large number of laboratory bioassays with adult honey bees and convincingly demonstrated that pesticides assumed to be nontoxic to bees and routinely used inhive to treat pathogens and parasites can interact synergistically to cause significant mortality. The documented diversity of synergistic interactions would in and of itself be breathtaking but the work takes on real-world urgency in view of the ubiquitous occurrence of contamination by multiple pesticides in U.S. beehives. This study provides some insight into the idea that bees, while not uniquely vulnerable to pesticide toxicity per se, may be especially at risk when exposed to toxins in combination. a possibility that should be considered in designing honey bee management practices. ** This study investigated the effects of pesticide exposure on gene expression. Extended exposure of adult bees to fluvalinate or coumaphos resulted in differential expression of over 1100 transcripts relative to bees that were not exposed to these acaricides, many of which were genes involved in detoxification, immunity, behavioral maturation, and nutrition. In addition, these investigators examined whether the quality and nature of the protein source in the diet influenced pesticide sensitivity and found via bioassay that bees consuming pollen were more tolerant of exposure to chlorpyrifos, an organophosphate, than bees consuming an artificial diet. The protective effects of a pollen diet may be attributable to the fact that pollen ingestion results in upregulation of many of the transcripts upregulated in response to pesticides, providing additional evidence of the importance of considering impacts of phytochemicals characteristic of the natural diet of honey bees in evaluating effects of pesticide exposure.
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